Molecular hybridization studies were carried out by using a [3H]complementary DNA (cDNA) probe to compare the endogenous type C retrovirus of rhesus monkeys (MMC-1) with other known retroviruses and related sequences in various primate DNAs. The genomic RNA of the endogenous type C retrovirus of stumptail monkeys (MAC-1) was found to be highly related to the MMC-1 cDNA probe, whereas the other retroviral RNAs tested showed no homology. Related sequences were found in Old World monkey DNAs and to a lesser extent in gorilla and chimpanzee DNAs. No homology was detected between MMC-1 cDNA and DNA of gibbon, orangutan, or human origin. Restriction endonuclease analysis of genomic DNA indicated that many of the several hundred sequences related to MMC-1 in rhesus monkey DNA differed from that integrated into DNA of infected canine cells. Gorilla and chimpanzee DNAs contained a specific restriction endonuclease fragment of the MMC-1 genome.
Molecular hybridization studies were carried out by using a [3H]complementary DNA (cDNA) probe to compare the endogenous type C retrovirus of rhesus monkeys (MMC-1) with other known retroviruses and related sequences in various primate DNAs. The genomic RNA of the endogenous type C retrovirus of stumptail monkeys (MAC-1) was found to be highly related to the MMC-1 cDNA probe, whereas the other retroviral RNAs tested showed no homology. Related sequences were found in Old World monkey DNAs and to a lesser extent in gorilla and chimpanzee DNAs. No homology was detected between MMC-1 cDNA and DNA of gibbon, orangutan, or human origin. Restriction endonuclease analysis of genomic DNA indicated that many of the several hundred sequences related to MMC-1 in rhesus monkey DNA differed from that integrated into DNA of infected canine cells. Gorilla and chimpanzee DNAs contained a specific restriction endonuclease fragment of the MMC-1 genome.
Endogenous retroviruses have been isolated from tissue of many sources by cocultivation with cell lines from heterologous species (16) or by induction with halogenated pyrimidines (1, 8) . The first reported endogenous type C retrovirus from a rhesus monkey was obtained by cocultivation of a rhesus monkey (Macaca mulatta) esophageal carcinoma cell line (816A) (11) with a canine osteosarcoma cell line (D17) (10) . Sequences related to the genome of this virus, called MMC-1, were shown by molecular hybridization to be present in the DNA of rhesus monkeys. MMC-1 has the morphology of a type C virus and contains the expected RNA-dependent DNA polymerase activity. In addition, MMC-1 reacts with a broadly reactive interspecies antiserum to the p30 protein of mammalian type C viruses (10) . A highly related retrovirus has been isolated from M. artoides (15) .
I report here the presence and characteristics of MMC-1-related sequences in the genomes of other primates, as well as the relationship of the MMC-1 genome to that of other primate retroviruses. Molecular hybridization showed that MMC-1-related sequences were present in DNAs isolated from Old World monkeys and to a lesser extent in DNAs of gorillas and chimpanzees. In addition, MMC-1-related sequences were found in cat liver DNA.
To better understand the observed hybridization of MMC-1 cDNA with gorilla and chimpanzee DNAs, restriction endonuclease analyses were carried out. dpm/iLg (12) .
Preparation of nucleic acids for molecular hybridization. Viral RNA was prepared as described by Schlom et al. (13) , and DNA was prepared according to the urea-phosphate method (5 As reported previously (10), the MMC-1 genome shared extensive sequence homology with the endogenous virus of stumptail macaques, MAC-1. The thermal stabilities of the hybrids formed between the MMC-1 probe and genomic RNAs from these macaque endogenous viruses were found to be identical within experimental variation (data not shown). This is consistent with the observed similarity of the proteins of the two viruses as analyzed on polyacrylamide gels (10) .
Genomic organization of integrated MMC-1 proviruses. High-molecular-weight DNA isolated from canine cells chronically infected with MMC-1 was fragmented by using restriction enzymes and analyzed by hybridization to Southem blots, using a [32P]cDNA probe. (Fig. 3) . In double-digestion experiments with HindIII and BamHI, two additional fragments, 1.15 and 1.65 kbp, were observed (Fig.  3) . These arose from sequences between the outside BamHI sites and the two HindIII sites. When BamHI and XhoI were used in combination (Fig. 3) , three major bands were detected, at lengths 1.45, 1.25, and 0.95 kbp. Therefore, the BamHI fragment at 2.65 kbp was cleaved by XhoI into two fragments, of lengths 1.45 and 1.25 kbp. The 1.25-kbp band arose from a BamHI site within the XhoI 1.3-kbp fragment. This fragment (lane 3) had a slightly slower mobility than the 1.25-kbp fragment.
SacI cleaved the genome four times, generating three fragments of lengths 5.6, 1.83, and 0.7 kbp (Fig. 4) . When the SacI digest was further cleaved by XhoI, the 0.7-kbp fragment remained unchanged. A new 0.95-kbp fragment appeared from cleavage of the 5.6-kbp by XhoI. The remaining 0.38-kbp band resulting from cleavage of the SacI 1.83-kbp band into the 1.45-kbp band was only faintly observed after prolonged exposure. When the SacI digest was treated with SmaI, the 1.83-kbp fragment was cleaved into two fragments of 1.3 and 0.53 kbp (Fig. 4) (7), who found the site in a sequence of the MMC-1 strong stop DNA.
PstI treatment of the HindIII-XhoI double digest resulted in loss of the 3.55-kbp fragment and the appearance of a new band of 3.05 kbp (Fig. 6) . Further evidence for the position of the PstI cleavage site came from PstI and SmaI double digestion, which yielded one band of 4.55 kbp (data not shown). From these data, a restriction enzyme map was constructed for much of the genome integrated in infected cells (Fig. 7) . Structural analysis of MMC-1-related sequences in primate DNAs. DNA was isolated from a rhesus monkey embryonic kidney cell line (MA104) and digested with EcoRI and HindIII. The major restriction fragments observed previously in infected canine cell DNA were also observed in Southern blots of rhesus monkey cell DNA (Fig. 8) . Additional hybridizing high-molecular-weight fragments were observed which could be accounted for by several FIG. 6 (Fig. 8) EcoRI fragment of 2.5 kbp was seen that was common to both ape DNAs. The EcoRI fragment at 3.9 kbp (Fig. 8) found by using gorilla muscle DNA was also observed in analysis of DNA from a herpes gorilla-transformed gorilla cell line (data not shown) and thus appeared to be gorilla specific. HindIII (Fig. 8) , BamHI, and XhoI ( Fig. 9) Both MMC-1 and the BaEV probes hybridize to African ape DNAs (3). To determine whether the homology is to identical ape DNA sequences, Southern blots of restriction enzyme DNA digests of primate DNAs were annealed with BaEV (M7) cDNA probe. Although this probe hybridized to some fragments, the 2.2-and 2.5-kbp fragments were not detected in digests of any of the primate DNAs. Therefore, the retrovirus-related sequences in the African apes fall into at least two subsets: those which are related to MMC-1 and those which are related to BaEV.
DISCUSSION
One property of a genetically transmitted retrovirus is the presence of cross-hybridizing nucleic acid sequences in closely related species. MMC-1-related sequences were found in multiple copies in all Old World monkeys thus far analyzed. In addition, MMC-1-related nucleic acid sequences were present in chimpanzees and gorillas. No homology was observed in DNA from humans, gibbon apes, or orangutans. It still remains possible that a moderately mismatched retrovirus-related sequence present in human DNA has eluded analysis because of the insensitivity of the present methodologies. Since mismatching affects the stability of nucleic acid hybrids, one does not know whether the 38 and 31% hybridization found in gorillas and chimpanzees, respectively, is related to the fact that some of the regions of MMC-1-related sequence diverge extensively, with others being relatively conserved, or to the fact that the entire region diverges to an intermediate extent (assuming that these sequences and MMC-1 arose from a common progenitor). A cleavage map of the integrated genome from infected canine cells was prepared to compare the MMC-1 genome with related sequences observed in various primates.
The observation that a small but discrete region of the MMC-1 proviral genome, the EcoRI 2.2-kbp fragment, was found in Southem blot analysis of both chimpanzee and gorilla DNA could reflect a specific regional conservation in these ape DNAs. This was consistent with solution hybridization data with ape DNA. The absence ofXhoI and BamHI fragments from the same region of the viral genome as the EcoRI 2.2-kbp fragment indicates at least some divergence within these specific sequences in DNA from these apes. Structural analysis of the endogenous virogenes related to MMC-1 in rhesus monkey DNA revealed some differences in restriction endonuclease cleavage patterns when compared with integrated proviral genes from infected canine cells. The precise determinants for these differences are as yet undefined. A possibility is that the endogenous virogene copies in rhesus monkey DNA are heterogeneous with respect to at least some DNA sequences. These small differences manifest themselves within this analytical framework by alterations in the recognition sequences at restriction endonuclease cleavage sites such that they are no longer cleaved. Therefore, one could postulate that the copy of the large number of endogenous virogenes (200) which gave rise to an infectious virus was a copy present in low frequency. If this putative infectious virogene were even at the level of a few percent of the total number of endogenous copies, it would not be detected in the present analysis. An alternative hypothesis for the difference in cleavage patterns between MMC-1-infected canine cell and rhesus monkey cell DNAs is that methylation-specific regions inhibit endonuclease cleavage in some loci of MMC-1-related sequences of rhesus monkey DNA. Cloning of these DNA fragments followed by sequence analysis will enable resolution of the above altematives. 
